Background and Aims Root hair density (i.e. the number of root hairs per unit root length) in Arabidopsis thaliana varies among individual plants in response to different nutrient stresses. The degree of such variation, defined as inequality, serves as a unique indicator of the uniformity of response within a plant population to nutrient availability.
I N T R O D U C T I O N
In terrestrial ecosystems, plant growth is often limited by deficiencies of mineral nutrients. In particular, the progressive loss of phosphorus from soil through weathering, exacerbated by its reduced bioavailability due to reactions with various soil constituents, constitutes a major constraint to plant growth (Frossard et al., 1995; Lynch and Deikman, 1998; Vance et al., 2003) . Under low phosphorus conditions, plants may develop morphological and architectural alterations to their root system to maximize phosphorus acquisition (Lynch, 1995; Lynch and Beebe, 1995; Lynch and Brown, 2001; Ma et al., 2001a; Fan et al., 2003; Miller et al., 2003) . Responses such as the emergence of root hairs influence the spatial exploitation of the soil and facilitate the uptake of immobile nutrients such as phosphorus through increasing the absorptive surface area of the root and allowing the root to explore a greater soil volume (Lewis and Quirk, 1967; Bhat and Nye, 1974; Gahoonia and Nielsen, 1997; Bates and Lynch, 2000; Ma et al., 2001b) .
The response of root hair density to phosphorus availability in Arabidopsis thaliana was characterized recently (Ma et al., 2001a) . Results showed that root hair density was highly regulated by phosphorus concentration, increasing significantly in roots exposed to low-phosphorus availability. The general trend of such responses can be depicted by the mean values and the associated statistics such as standard errors or standard deviations. However, the characteristics of the distribution of and the variability among individuals are still unknown. Since growth and development of the plant root system in response to the environment are highly plastic, methods to characterize this plasticity are essential for better understanding the nature of the collective responses on the basis of all individuals. In early research, plant scientists used skewness (i.e. the degree of asymmetry of a distribution) to describe distribution. In 1984, Weiner and Solbrig pointed out the inappropriateness associated with 'skewness', e.g. populations with the same skewness values may vary greatly in their degree of distribution, and suggested using an index for inequality -the 'Gini coefficient' or 'Gini ratio', derived from the Lorenz curve, to measure the characteristics of the distribution of plant size (Weiner and Solbrig, 1984) .
The Lorenz curve is widely used in economics to describe the inequality in wealth distribution ( Fig. 1) (Lorenz, 1905; Kotz et al., 1983; Weiner and Solbrig, 1984 amount of inequality can be summarized by the Gini coefficient, which is theoretically defined as the ratio between the area enclosed by the line of absolute equality and the Lorenz curve (A), and the total triangular area under the line of absolute equality (A + B) (Kotz et al., 1983;  Fig. 1 ). In the case of even distribution of income, the area of A would be zero, and the Gini coefficient would be zero. If the income were distributed so unevenly that one person had 100 % of all the income and the rest of the population had nothing, the Gini coefficient would be one. The closer the Gini coefficient is to one, the greater the inequality of income distribution.
The Gini coefficient has been used by plant ecologists to describe the inequality of plant size and other characteristics ( Van et al., 1984; Weiner and Solbrig, 1984; Weiner, 1985; Heywood, 1986; Bendel et al., 1989; Geber, 1989; Knox et al., 1989; Preston, 1998; Damgaard and Weiner, 2000) . In these studies, the Gini coefficient was used to measure the inequality of quantitative traits such as size and fecundity within natural or other plant populations (i.e. mixed genotypes), where variation was due to physiological, ecological, and/or genetic factors. To assess the variations in root hair formation in response to nutrient deficiencies, particularly phosphorus availability, and the potential interaction of ethylene and phosphorus in such response, the Gini coefficient was applied to detect and compare changes in the inequality of root hair density among individuals of Arabidopsis thaliana under various phosphorus concentrations, ethylene precursor or inhibitors, and deficiencies of other macro-and micro-nutrients. The analysis allowed the identification of phosphorus as the predominant nutrient determining the frequency of root hair emergence.
M A T E R I A L S A N D M E T H O DS

Plant material
Seeds of Arabidopsis thaliana L. (Heynh) 'Columbia' accession from the Ohio State University Arabidopsis Biological Resource Center were used in these experiments.
Plant culture and treatments
The growth media contained 3 mM KNO 3 , 2 mM Ca(NO 3 ) 2 , 0Á5 mM MgSO 4 , 25 mM KCl, 12Á5 mM H 3 BO 3 , 1 mM MnSO 4 , 1 mM ZnSO 4 , 0Á25 mM CuSO 4 , 0Á25 mM (NH 4 ) 6 Mo 7 O 24 , 25 mM Fe-EDTA, 0Á55 mM myoinositol, 2Á5 mM MES, 29Á2 mM sucrose and 2 g l À1 Phytagel. The pH of the media was adjusted to 5Á7. For media of various phosphorus concentrations, NH 4 H 2 PO 4 was added to give the targeted phosphorus concentration of 1, 5, 10, 20, 50, 100, 500, 1000 or 2000 mM (Ma et al., 2001a) . Phosphorus concentration of 1000 mM was used as the control.
The media for the nutrient deficiency experiments were prepared by substituting a complementary salt for each of the macronutrients to be removed, while maintaining the levels of the other elements in the salt (specifically (Fe, B, Mn, Cu, Zn) . Background concentrations of nutrients (B, Cu, Fe, K, Mg, Mn, Zn) found in Phytagel represent <5 % of the nutrient concentrations normally added as a constituent of the nutrient media (Bates and Lynch, 1996) . To manipulate ethylene production and sensitivity, the ethylene precursor ACC (1-aminocyclopropane-1-carboxylate, 2 mM), the ethylene action inhibitor STS (silver thiosulfate, 10 mM) and 1-MCP (EthylBloc, 0Á43 % 1-methylcyclopropene; Floralife Inc., Walterboro, SC; 4 mg l À1 ), were used (Bates and Lynch, 1996; Zhang et al., 2003) .
All growth media were autoclaved. Seeds were surfacesterilized with 5 % v/v bleach and 0Á1 % w/v Tween 20, followed by a quick swirl in 70 % ethanol and rinsing in sterile deionized water, then sown on the solidified media in sterile Petri dishes. Plates were incubated in a plant culture room with constant light (40 mmol m À2 s À1 ) and temperature (25 C) in a horizontal orientation for 3-4 d until the roots reached the bottom of the plates. Plates were then placed at an angle of 45 and the subsequent root growth occurred along the bottom of the dish.
Root hair density measurements
Root hair density was determined as the number of hairs in each of the five apical 1-mm segments of root observed with a microscope (·40), with the first segment starting from the root tip (i.e. 0-1 mm). Root hair density of the third, fourth and fifth segments did not vary significantly after 9 d of growth, as a result, the third segment (3 mm from the root tip) of 11-d-old plants was used for root hair density measurements (Ma et al., 2001a) . Root hairs were counted three dimensionally by adjusting the microscope's plane of focus. Six plants were measured for each treatment, and each experiment was replicated three times.
Data analysis
The inequality of root hair density was evaluated by the Gini coefficient, which was calculated with formula (1) for data arranged by increasing size of individuals (Glasser, 1962; Dixon et al., 1987 Dixon et al., , 1988 Damgaard and Weiner, 2000; Scheiner and Gurevitch, 2001 ). The term 'size' was defined here to represent the measured values of root hair density for individual plants.
where n is the total number of plants; x i is the root hair density of the ith plant, and m is the mean of the root hair density. The Gini coefficient ranges from a minimum of zero (indicating absolute equality when all individuals have equal values) to a theoretical maximum of one (indicating absolute inequality) in an infinite population, in which every individual except one has a value of zero. The sample Gini coefficient defined above was multiplied by n/(n À 1) in order to become estimators for the population coefficient.
Like other ecologically useful coefficients, the sampling distribution of the Gini coefficient can be estimated using two resampling techniques, i.e. the jackknife and bootstrap methods (Scheiner and Gurevitch, 2001 ). Bias (b G ) and standard error (s G ) using those two methods are given by the formulas below.
Jackknife method:
where
p i is the pseudovalue; n is the number of samples; G Ài is the Gini coefficient of the ith group of jackknife data by removing the ith data point from the data set.
Bootstrap method:
where G i is the mean of the Gini coefficients of new bootstrap samples.
where nboot is the number of bootstrap samples.
Due to zero values of root hair density on high phosphorus roots, there were cases where the bootstrap method could not provide any estimates. On the other hand, since the jacknife method generally yielded larger errors in the calculations, it was used as a more conservative approach.
Statistical analyses of the data were conducted using GINI2003+ for WINDOWS (Ver1.0) that was developed by the authors (available by e-mail from the corresponding author or zxhe@nju.edu.cn).
R E SU L T S
Response to phosphorus
Phosphorus strongly affected the inequality (G) of root hair density in A. thaliana (Figs 1 and 2) . The inequality of root hair density decreased from 0Á52 to 0Á054 as the phosphorus concentration decreased from 2000 mM to 1 mM (Fig. 2) . The rate of change in the inequality index varied most dramatically at phosphorus concentrations within the range 1-50 mM, but levelled off at concentrations higher than 50 mM. This was in contrast to changes in mean values, and suggested that the Gini coefficient could serve as an additional useful index in extracting information not revealed by means alone.
In a previous study, it was found that the mean values of root hair density decreased logarithmically with increasing phosphorus concentration (Ma et al., 2001a) . Mean root hair density of plants exposed to 1-500 mM phosphate was greater than the mean root hair density of control plants at 1000 mM phosphate (Fig. 2) . However, Gini coefficients showed a different behaviour than the means. Gini coefficients of root hair density at phosphorus concentrations from 1 to 50 mM were smaller than the control (1000 mM) and began to change at 100 mM with a 2-fold increase (Fig. 2) .
The characteristics of the inequality of root hair density as a function of phosphorus concentrations were displayed by curve fitting (Fig. 2) . With the decrease of phosphorus concentration, the inequality of the root hair density decreased logarithmically. The correlation coefficient between phosphorus concentrations and the inequality of root hair density (|r| = 0Á81; P = 0Á008; n = 9) was higher than that between phosphorus concentrations and the mean of root hair density (|r| = 0Á71; P = 0Á03; n = 9).
Response to nutrient deficiencies
Removing each macro-or micro-nutrient from an otherwise complete growth medium revealed differences in the degree of inequality of root hair density among nutrients (Fig. 3) . The correlation coefficient between the inequality values and means of root hair density is À0Á684 (P = 0Á014; n = 12). Compared with the control, deficiencies in S, N and K decreased root hair density (Ma et al., 2001a) but increased the inequality of root hair density, whereas deficiencies in phosphorus, Ca, B, Mn, Fe, Zn, Cu and Mg decreased the inequality of root hair density (Fig. 3) , although deficiencies in Ca, Mg, B and Cu had no significant effect on root hair density (Ma et al., 2001a) . Deficiencies of N and K increased the inequality of root hair density by two times, but deficiency of phosphorus decreased the inequality of root hair density by 14 times. Root hair density increased under phosphorus deficiency but decreased under deficiencies in N and K (Fig. 3) . The combined results from the inequality index and the mean values of root hair density suggest that N and K are two major nutrients required for root hair production, whereas increased phosphorus inhibits the development of root hairs, since in its absence root hairs increased five times in comparison to the control (Fig. 3 ).
Response to ethylene precursor or inhibitors under high or low phosphorus concentrations
With the addition of the ethylene precursor ACC, root hair density increased dramatically under both high and low phosphorus availability. The inequality index values decreased dramatically by 7-fold under high phosphorus, and decreased slightly under low phosphorus (Fig. 4) , indicating that ACC made root hair density more uniform under high phosphorus. In the presence of ACC, under both high and low phosphorus, the inequality index of root hair density dropped to the same level as that of low phosphorus without ACC (Fig. 4) .
Inhibition of ethylene action under low phosphorus with MCP decreased root hair density to a greater extent than STS, and the addition of STS increased the inequality index by 4-fold, whereas the addition of MCP increased the inequality index by 9-fold (Fig. 4) . By contrast, under high phosphorus, average root hair density was little affected by the presence of either inhibitor compared (Fig. 4) . The inequality index values, however, increased by 3-fold in the presence of MCP but decreased by 2-fold in the presence of STS (Fig. 4) .
D I S C U S S I O N
The Gini coefficient (G), widely used in economics, was first introduced for evaluating the inequality of distribution in plant ecology research in 1984 (Weiner and Solbrig, 1984) . Conceptually, G is a different statistical parameter from the conventional standard deviations/errors. While standard deviations/errors measure the extent to which individual observations of a data set are dispersed around their mean, and can be any values, G is an indicator of inequality, i.e. the degree of deviation from a situation when all individuals are equal, and ranges between 0 and 1 in value. In the present case, although the standard deviations/errors for root hair density are quite similar under low and high phosphorus (s.d. = 4Á2 vs. 3Á3, s.e. = 1Á0 vs. 0Á8), the degree of inequality is very different, by nearly 5-fold (G = 0Á054 under low phosphorus vs. G = 0Á261 under high phosphorus). The ecological and evolutionary implications of the inequality of plant quantitative traits within a population are substantial. The inequality may be caused either directly or through variation in growth rates by factors such as age differences, genetic variation, heterogeneity of resources, competition, or the effects of herbivores, parasites or pathogens (Weiner and Solbrig, 1984) . Others such as the inequality in fecundity reflect the degree of increase in the genes of the more fecund individuals in the next generation (Damgaard and Weiner, 2000) . In the present work, it was found that root hair density increased under low phosphorus concentrations with an increasing degree of uniformity as indicated by decreasing inequality. Also, the absence of other nutrients caused varying degrees of inequality in root hair density change (compare N, K and S with Ca and other micronutrients; Fig. 3 ). Treatments that increased root hair density tended also to decrease inequality (Fig. 3) . This suggests that there is phenotypic variation among individual plants in response to environmental signals, but as the signals become stronger (e.g. phosphorus levels become lower; Fig. 2) , an increasing proportion of individuals respond, resulting in less inequality and a lower G value. This is the first report of using the Gini coefficient for evaluation of morphological plasticity of plants with a similar genetic background (same accession) to nutrient deficiencies.
In the present analysis, it was also found that the Gini coefficient seems to be a rather stable parameter in comparison to the means for root hair density of A. thaliana. The set of control treatments were performed twice in separate experiments. The means of root hair density for the control in two experiments were 7Á7 and 13Á6 per millimetre, with a difference of nearly two times; however, the Gini coefficients of root hair density were 0Á261 and 0Á294, respectively. Obviously, they are very close compared with differences between mean values. This suggests that the inequality index for root hair density of A. thaliana is possibly an inherent characteristic of samples with the same or similar genetic background. It would be interesting to confirm whether the inequality index of plant traits is consistent under uniform genetic and/or environmental conditions through further experiments.
In Arabidopsis, root hairs normally emerge from specialized cells called trichoblasts (Dolan, 1996 (Dolan, , 2001 Schiefelbein et al., 1997; Schiefelbein, 2000; Dolan and Costa, 2001; Costa and Dolan, 2003) . Increased root hair density results from an increased number of trichoblast cell files, reduced length of trichoblasts, and an increased proportion of cells in the trichoblast position forming hairs (Ma et al., 2001a; Zhang et al., 2003) . Under Mn deficiency, a reduction in trichoblast length and root elongation was observed (Ma et al., 2001a) , which likely accounted for increased root hair density and decreased inequality. Decreased inequality in response to phosphorus stress, however, could represent a maximum being reached in terms of the number of cells in the trichoblast position expressing hairs or in the number of trichoblast cell files. Conversely, increased root growth and differential elongation of trichoblast cells in response to high phosphorus concentrations would tend to increase the potential for inequality (increased G).
It was reported that low phosphorus-induced increase in root hair density could be mimicked by adding the ethylene precursor ACC to high phosphorus media, and inhibited by adding ethylene inhibitors to low phosphorus media (Zhang et al., 2003) . It was found that as ACC was added to high phosphorus media, the inequality index values of root hair density decreased dramatically from 0Á261 to 0Á037, which is close to that of low phosphorus without ACC (Fig. 4) . On the other hand, when ethylene inhibitors STS or MCP were added to low phosphorus media, the inequality index values of root hair density increased dramatically from 0Á05 to 0Á22 (STS) or 0Á5 (MCP), reaching or exceeding that of high phosphorus without inhibitors (Fig. 4) . Along with data on changes in the means of root hair density, the decreased inequality index under high phosphorus in the presence of ACC reveals that individual plants responded in a uniform manner, whereas the individual response to ethylene inhibitors was less uniform under low phosphorus. Ethylenemediated modification of root hair density resulted in the same pattern of changes in inequality as modifying root hair density with phosphorus (Fig. 4) . The fact that ethylene participates in some aspects of the low phosphorus-induced increase in root hair density could account for part of this (Zhang et al., 2003) ; however, much of the low phosphorus effect (specifically, number of trichoblast files) was independent of ethylene (Zhang et al., 2003) . This suggests that reduced inequality under low phosphorus was more likely due to the collective response of a greater proportion of trichoblasts that elongate and form root hairs, and/or the increased number of trichoblast files.
Root hairs play an important role in phosphorus uptake (Lewis and Quirk 1967; Bhat and Nye, 1974; Gahoonia and Nielsen, 1997; Bates and Lynch, 2000; Ma et al., 2001b) , and the emergence of root hairs is a unique adaptation to phosphorus deficiency. Ecologically, it makes sense that phosphorus stress decreases phenotypic variation for a trait that represents an important adaptation to such stress. As the stress increases, it becomes more important for each and every plant to manifest that trait (in this case, the increased root hair density), so inequality goes down. Lack of this effect for other nutrients could reflect the fact that root hair density is not so critical an adaptation to those stresses. Theoretically and practically, it is important to further elucidate the molecular mechanisms for such adaptation and to understand how genes controlling quantitative traits of plants respond to the environment.
